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Summary
This numerical study investigates near–wellbore
behaviour of Hydraulic Fracture (HF) growth
using a Finite–Discrete Element Modeling
(FDEM) approach. Our results rarely exhibit
a simple bi–wing fracture geometry, but are
consistent with analytical solutions and exhibit
many features that have been documented in the
field. In the case of a homogeneous medium, our
simulations show that isotropic far–field stresses
(Shmax = Shmin) promote the development of
complex fractures, whereas anisotropic far–field
stresses (Shmax  Shmin) promote branching
and curving fracture growth in the general di-
rection of Shmax. A set of pre–existing ran-
domly space distributed joints around the well-
bore indicate that fractures prefer to initiate at
the joints’ tips once intersected by a fluid–driven
fracture. They also reveal that possible seismic
events due to formation deformation are induced
because of shear slippage of critically stressed
joints. The presence of multiple joints around
the wellbore also increases the extent to which
fluid–driven fractures can grow for the same in-
jection energy. Introducing single isolated joints
that do not intersect the wellbore, usually cre-
ated by previous fracturing tests, imposes a lat-
eral stress gradient. The presence of such a
gradient leads to asymmetric fracture initiation,
generally away from the pre–existing joint. The
asymmetric fracture growth is deemed to cause
a symmetric micro–seismicity around the well-
bore, which explains some of the seismic phe-
nomena observed in the fields.
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6.1 Introduction
Hydraulic fracturing (HF) is a wellbore stimu-
lation method used extensively in the develop-
ment of unconventional oil and gas reservoirs
to enhance connectivity of low–permeability
(< 1 mD) oil and gas–bearing rock forma-
tions Nagel et al. (2011); King (2010); Hub-
bert and Willis (1957); Fjaer et al. (2008). In-
jection of fluid under high pressure overcomes
the rock tensile strength to create and/or ex-
tend fractures AbuAisha (2014); Bruel (1995);
Barree et al. (2002). Through the creation of
high–permeability pathways, HF serves to in-
crease reservoir drainage by effectively increas-
ing wellbore radius and thus reducing the hydro-
carbon flow distance. HF has also been a contro-
versial issue, especially in the case of naturally
fractured formations for which concerns have
been expressed about the potential for ground-
water contamination Osborn et al. (2011). Con-
sequently, robust methods for simulating HF
growth are critical.
Simple solutions of stress distribution
around a borehole provide a starting point for
analysis of HF operations Hubbert and Willis
(1957); Fjaer et al. (2008). In the simplest
cases, these solutions are based upon assump-
tions of elastic, isotropic and homogeneous me-
dia Adachia et al. (2007); Dusseault (2013).
However, the presence of pre–existing fractures
and weak bedding planes render such assump-
tions questionable, motivating the use of a more
general numerical simulation approach. In this
context a new technique that combines both
Discrete Element Method (DEM) Munjiza et
al. (1999) and Finite Element Method (FEM)
Hughes (2000) is well suited to this problem.
FDEM methods have capabilities for simulating
fluid–driven fractures in jointed/pre–fractured
rock masses. This approach enables investiga-
tion of the transition from continuum to discon-
tinuum behaviour through the use of FEM to
simulate continuum behaviour of the intact ma-
terial and DEM to capture interactions between
fractured blocks Munjiza (2004); Mahabadi et
al. (2012); Lisjak et al. (2013).
This paper is organized as follows. First,
two HF tests are simulated in an elastic continu-
ous medium, considering both isotropic (Shmax
= Shmin) and anisotropic (Shmax  Shmin)
far–field stress states. Next, tests are performed
while considering a heavily fractured formation
close to the wellbore. Thirdly, the presence
of lateral stress gradients is investigated by in-
troducing single isolated joints in the medium
that are offset from the wellbore. Finally, the
FDEM–HF approach is used to simulate a real
DFIT test performed at the Montney formation
in British Columbia/Canada.
6.2 The FDEM: Overview
The FDEM approach was first suggested by
Munjiza et al. Munjiza et al. (1995) and Munjiza
Munjiza and Andrews (2000). It is a hybrid
technique that combines the advantages of the
FEM and DEM methods. While the medium is
undergoing elastic deformation, the behaviour
of intact material is explicitly modelled by the
FEM method. When fractures are initiated,
the interaction between discontinuous blocks is
then captured by the DEM. The FDEM is capa-
ble of tracking crack initiation and propagation
by applying the principles of non–linear elas-
tic fracture mechanics Barenblatt (1959; 1962).
In this study we use an implementation of the
FDEM method, known as Y-Geo Mahabadi et
al. (2012); Lisjak et al. (2014), which consists
of three main computational modules that ex-
change information at every time step (Fig. 1):
1. a geomechanics solver based on the
FDEM approach, which captures the me-
chanical response of the rock mass (i.e.
deformation and fracturing);
2. a cavity volume calculator, which dynam-
ically tracks the evolution of wet fractures
within the model and computes variations
in cavity volume due to elastic deforma-
tion, fracturing, and fluid compressibility;
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3. a pump model, which computes the fluid
pressure based on the injection flow rate
and cavity volume.
Solid solver (FDEM)
Elastic deformation 
Rock fractures
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Figure 1: Interaction between computational modules of the Y-
Geo code.
The Y–Geo code uses a FEM mesh of elas-
tic triangular Delaunary elements1 with non–
dimensional rectangular cohesive fracture ele-
ments embedded between the triangular ones.
While the medium is undergoing elastic loading,
the fracture elements are assigned large penalty
coefficients to eliminate them from the elastic-
ity matrix. As soon as the tensile and/or the
shear strengths of the material are reached, the
material starts undergoing inelastic deformation
which is expressed in terms of fracture energy
dissipation (Fig. 2(a)). Once the fracture ener-
gies, GIc of mode I and GIIc of mode II, are dis-
sipated, the fracture elements are removed and
fractures are initiated. At this point the positions
of the separated blocks are tracked by the DEM.
6.2.1 Solid solver of the Y-Geo code
The Y-Geo simulator is capable of tracking ten-
sile (mode I) as well as shearing (mode II) of
fracture growth. Hybrid fracturing can also
be simulated as a combination of both modes
(mode I–II). The fracturing mode is triggered
based on the relative displacement of adjacent
elastic triangular elements containing the frac-
ture element. Similar to the cohesive model
originally proposed for concrete Hillerborg et
al. (1976), a mode I crack initiates when the
crack tip opening (δ) reaches a critical value
(δp) which is related to the cohesive tensile
strength of the rock (ft) (Fig. 2(a)). As the
fracture propagates and the crack tip opening
increases, the normal bonding stress (σ) is as-
sumed to decrease until a residual opening value
(δc) is reached and a traction–free surface is cre-
ated. Mode II fracturing is simulated by a slip–
weakening model Ida (1976). The shear bond-
ing stress (τ ) is a function of the amount of slip
(s) and the normal stress on the fracture (σn)
(Fig. 2(a)). The critical slip (sp) occurs when the
shear bonding stress exceeds the cohesive shear
strength of the rock (fs) defined as,
fs = c+ σn tan(φi), (6.1)
where c is the internal cohesion, φi is the ma-
terial internal friction angle. Upon undergoing
critical slip (sp), the shear strength is gradually
reduced to a residual value (fr) which is a pure
frictional resistance,
fr = σn tan(φf ), (6.2)
where φf is the fracture friction angle.
In the mixed mode I–II of fracturing (Fig.
2(b)), the coupling between crack opening and
slip is defined by an elliptical relationship where
the failure envelope is defined as,(
δ − δp
δc − δp
)2
+
(
s− sp
sr − sp
)2
≥ 1. (6.3)
Pre-existing defects/rock joints are modelled
as non–dimensional planes that can sustain two
types of repulsive and shear forces. Repulsive
forces are calculated using the normal penalty
coefficient pn (Fig. 2(a)). These forces prevent
element penetrability and can affect the stress
conditions in the area close to the rock joint.
Shear forces are simply calculated based on Eq.
6.2. If at any point the rock joint is intersected
by a fluid–driven fracture, the fluid pressure per-
colation is distributed evenly over the entire dis-
continuity. In this study, rock joints are ap-
plied in the model initially, i.e. before geostatic
stresses are applied.
1Delaunay triangulations maximize the minimum angle of all the angles of the triangles in the triangulation; they tend to avoid
skinny triangles.
65
AbuAisha, Eaton, Priest and Wong Microseismic Industry Consortium Vol. 6 – Chapter 6
fs
|sp| |sc|
Fracture element
yielding
Fracture element
breakage
Fracture slip, |s|
|τ|
s
Mode II
-σ
ft
δ
Mode I
Fracture element
breakage
Fractureelement
yielding
-δp-δc
Fracture opening, -δ  
C
o
m
p
re
ssio
n
1
pn /h
2
1
pt
1
/h
fr
pn , pt , pf : Penalty parameters
δp δcFracture opening, δ
F
ra
c
tu
re
 s
li
p
, 
|s
|
δ
Broken
Mode I-II
sp
sc
s
Mode I
Mode II
Intact
In
ta
c
t
δp - δc 
δ - δc ( (
2
+
sp - sc 
s - sc ( (
2
= 1
Yielded
(a) (b)
Figure 2: (a) Constitutive behaviour of cohesive fracture elements. The curves represent a relation between normal and tangential
bonding stress, σ and τ , versus crack relative displacement, δ (opening) and s (sliding). GIc and GIIc represent the amount of
energy dissipated per unit length of fracture for mode I and mode II fractures respectively. (b) Elliptical coupling relationship
between crack opening (δ) and crack slip (s) for mixed–mode fracturing (Eq. 6.3).
6.2.2 Pressure–driven fracturing
Fluid injection and pressure–driven fracture
propagation are captured by a simplified ap-
proach based on the principle of mass con-
servation for a compressible fluid injected into
a deformable solid. The model is hydro–
mechanically coupled in the sense that varia-
tions in cavity volume, due to either rock elas-
tic deformation or fracturing, affect the pressure
of the compressible fluid, which in turn, affects
rock deformation and failure (Fig. 1). Fluid
leakoff into the rock matrix is neglected, as the
rocks of interest have exceptionally low matrix
permeability and the simulations only capture
the initial onset of fracture growth.
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Figure 3: Simulation of tensile fracture growth using Y-Geo.
Only FEM elements adjacent to the fracture are shown, for sim-
plicity. Once the strength limit of the material (ft) is reached
the fracturing energy (GIc) starts dissipating and the fracture ele-
ments start yielding which is represented by the green area. Also
note the change of tensile strength over the yielded elements.
The fluid–driven fracturing in the Y–Geo
code is simulated as follows (Fig. 3): 1- the fluid
injection induced pressure is assigned to the ele-
ments edges in contact with the borehole (initial
wet boundaries); 2- as injection continues, the
increasing pressure causes new fractures to be
initiated; 3- the topology of the newly created
fractures as well as connectivity with the pre-
vious wet boundaries are calculated by the ge-
omechanics/solid solver; 4- by knowing the new
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topology and connectivity, cavity volume can
be computed; 5- a fluid compressibility model
is used to calculate fluid pressure on the new
wet boundaries while considering any incoming
fluid mass.
Mathematically, Green’s theorem is used to
calculate cavity volume by evaluating the fol-
lowing integral over all wet boundaries,
V =
1
2
∮
x dy − y dx. (6.4)
Numerically, this integration is calculated
as,
V =
1
2
∑
i
xi yi+1 − yi xi+1, (6.5)
with i indexing over the nodes of the wet bound-
aries with coordinates (xi, yi).
Once the cavity volume is computed, the
fluid compressibility model is implemented to
calculate fluid pressure on all the newly created
wet boundaries,
Kf = −V dp
dρf
, (6.6)
with Kf being fluid bulk modulus and ρf being
fluid density. While considering the amount of
injected fluid at each time step, the fluid mass
(m) is integrated from the flow rate,
p = p0 +Kf log
(
m
V ρf0
)
, (6.7)
where p0 and ρf0 are the reference fluid pressure
and density respectively. Based on the length
and orientation of each wet element edge, the
fluid pressure is converted into equivalent nodal
forces and substituted for in the geomechanics
solver.
6.3 Simulations of HF in elastic ho-
mogeneous media
In this section we consider fluid–driven fractur-
ing in a homogeneous elastic medium subject
to both isotropic and anisotropic far–field stress
states. Fracture patterns are analysed and the
values of fracturing pressures are compared to
analytical solutions from Fjaer et al. Fjaer et al.
(2008). Similar works could have been done by
other researchers, however, we just use them as
an introduction for proceeding sections.
6.3.1 Geometry, meshing and material
properties
The Boundary Value Problem (BVP) considered
here is representative of a small–scale fracture
test, such as a Diagnostic Fracture Injection Test
(DFIT) Hawkes et al. (2013). It uses a vertical
wellbore of 0.1 m diameter located in 8 m × 8
m rock formation. To capture deformation pro-
cess changes near the wellbore, the mesh is in-
tensively refined with 0.003 m elements in this
area. Away from the zone of the intensive re-
finement, element size is gradually increased to
0.3 m (Fig. 4).
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σH>σh  : Anisotropic stress state
σh=σh : Isotropic stress state
Figure 4: The geometry and boundary conditions of BVP chosen
for the HF simulations. The diameter of the vertical wellbore is
0.1 m. Two cases of far–field stress loading: 1- isotropic when
the longitudinal stress is σh; 2- anisotropic when the longitudi-
nal stress is σH .
The material properties pertaining to rock
formation and needed in the Y-Geo code are
listed in Table 1. The input data as well as
the in situ stress measurements correspond to
a granitic formation of 2500 m depth Evans et
al. (1972). Although the geomechanical charac-
teristics of granite differ somewhat from shale
formations, the main focus of this work is to in-
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vestigate fluid–driven fracture topology due to
pre–existing Joints. Therefore, the specific de-
tails of the particular unit are less important. The
stress values displayed later represent the Terza-
ghi’s effective stresses, i.e. stress values above
the formation fluid pressure. The sign conven-
tion adopted in this research attributes negative
sign to compressive stresses.
6.3.2 Boundary and initial conditions
To study the effect of the far–field stress state,
HF simulations are performed while assuming:
1- isotropic far–field stresses of σ′h = σ
′
H =
−4.85 MPa and; 2- anisotropic far–field stresses
of σ′h = −4.9 MPa and σ′H = −7.05 MPa.
As effective stresses are used directly in the cal-
culations, the values of fluid pressure represent
the effective fluid pressure (the increment above
the formation fluid pressure). A geostatic/elastic
step is initially simulated without the wellbore
being present by applying the initial far field
stresses on the boundary of the model and allow-
ing the forces to come into equilibrium through-
out the model (zero velocity). The boundary
conditions are then set to zero–displacement to
allow for borehole excavation. The excavation
of the borehole is implemented in two steps: the
first step included reducing the elastic modulus
of the borehole material by 10%; second step in-
cluded removing the elements forming the bore-
hole material. The final stage of the simulation
included injecting fluid into the borehole at con-
stant flow rate of Q = 65 l/s.
6.3.3 Simulations and discussion
Figure 5 shows the numerical treatment pres-
sure profiles for the cases of isotropic and aniso-
tropic stress states. The deviatoric part of the
stress tensor facilitates fracturing by combining
mode I and mode II Atkinson (1991); Bieni-
awski (1967). The threshold of fracturing pres-
sure is reduced by∼10% for stress anisotropy of
∼27%. The analytical solution for stress distri-
bution around a wellbore can be used to calcu-
late a mathematical expression for the threshold
of fracturing pressure. In terms of total stresses,
Fjaer et al. Fjaer et al. (2008) found the follow-
ing expression for borehole pressure at failure in
the presence of mud cake2:
pHF = −[(3σh − σH) + p− ft], (6.8)
with p being the far–field formation pressure.
In our simulations the fracturing pressure for
the cases of isotropic and anisotropic far–field
stresses are 12.74 and 11.47 MPa respectively,
while the analytical values derived using Eq. 6.8
are 12.7 and 10.5 MPa respectively. The dis-
crepancy between the numerical and analytical
values is related to the fact that in the numeri-
cal solution both mode I and mode II fractures
are considered with a fracture energy term ap-
plied (GIc and GIIc) that accounts for yielding
of the rock once the strength limit of the rock is
exceeded (plastic zone after failure). In the an-
alytical solution only Mode I fractures are con-
sidered and no fracture energy term is applied.
This discrepancy is more apparent for the case
of anisotropic far–field stresses which appear to
induce more mode II fractures3. The numeri-
cal response of treatment pressure also corre-
sponds to typical loggings observed in HF field
tests Hawkes et al. (2013). The initial linear por-
tion (Fig. 5) corresponds to the elastic behaviour
of the intact rock. Once the fracturing thresh-
old is reached, the injection pressure reduces
due to the formation of cavities created by frac-
tures. The injection pressure eventually reaches
a steady state of fracture propagation pressure
(∼5 MPa) slightly greater than the far–field min-
imum stress adopted in our simulations.
2The presence of a mud cake creates a relatively impermeable barrier.
3Reader is referred to Fjaer et al. Fjaer et al. (2008) for more details about deriving Eq. 6.8.
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Table 1: Rock properties for a HF test of the BVP defined previously.
Nature Parameter Value Unit
Elasticity Drained Young’s modulus, E 35 GPa
Drained Poisson’s ratio, ν 0.27 -
Fracture Tensile strength, ft 3 MPa
Cohesion, c 24 MPa
Mode I fracture energy, GIc 5 N/m
Mode II fracture energy, GIIc 80 N/m
Material internal friction angle, φi 38 (◦)
Computational Damping coefficient, µ 5.6× 105 kg/m/s
Normal contact penalty, pn 250 GPa.m
Shear contact penalty, pt 30 GPa.m
Fracture penalty, pf 120 GPa.m
Time since injection, t (ms)
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Figure 5: Numerical fracturing pressure profiles for the cases of
isotropic and anisotropic far–field stress states. It is evident that
HF is easier in media subjected to anisotropic stress fields.
Figure 6 shows the fracture trajectories for
the two cases of isotropic and anisotropic stress
states. These trajectories are plotted in the field
of velocity magnitude as an indication of the
elastic wave spreading in the medium due to
fracturing. The comparison is shown for the
same discrete time steps for each simulation.
For this simple case of a homogeneous medium,
initial fracture growth shows a complexity that
deviates from the simplified model of bi–wing
tensile fractures that are often used to represent
hydraulic fractures Nordgren (1972). Similar
observations of complex fracturing, as shown
for the isotropic stress field have been observed
in the Barnett shales in north Texas Vermylen
and Zoback (2011). For the anisotropic stress
field, fractures grow, as expected, in the direc-
tion of maximum stress, with curving fractures
linked to mode II failure being more evident
Zhou et al. (2008).
t = 1.2 ms
t = 1.26 ms
Isotropic stress state Anisotropic stress state
t = 1.2 ms
t = 1.26 ms
Figure 6: Fracture topology/trajectory for the cases of isotropic
and anisotropic stress states and for two different time steps. The
trajectories are plotted in the field of velocity magnitude.
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6.4 Simulations of HF in jointed
rock masses
Rock formations often contain pre-existing nat-
ural joints and fractures that act as zones of
weakness and/or stress concentrators Gale et al.
(2007). In some cases such joints may be cre-
ated due to stresses caused by the drilling pro-
cess Brudya and Zoback (1999), or through per-
forations in the well casing prior to fluid injec-
tion. In this section we first consider the effect
of numerous space randomly distributed joints
around the wellbore to investigate fracture in-
teraction. We then consider the effect of lat-
eral stresses from different joints close to the
wellbore on HF and fracture trajectory as a key
to understand HF induced asymmetric micro–
seismicity Shapiro and Dinske (2009).
6.4.1 Heavily fractured rock formations
This section investigates fluid–driven fractures
interaction with pre–existing joints in heavily
fractured rock formations. It also explores pos-
sible micro–seismic events due to fracture shear
slips incited by fracturing elastic waves. A set
of space randomly distributed joints, (Fig. 7),
with average length of 3.1 cm and fracture den-
sity of 320 (1/m2) is created in the zone of in-
tensive refinement show in Fig. 4. A free in-
tact space is left around the borehole to allow
for pure fluid–driven fracture growth before in-
teraction with joints.
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Figure 7: A set of space randomly distributed joints is generated
around the borehole to study fracture interaction and shear–slip
micro–seismicity. Joint length is normally distributed around 3.1
cm and fracture density is 320/m2.
The rock joints are implemented in the simu-
lation before the application of the geostatic step
(see section 6.2.1) and therefore lead to stress
perturbations during the initial injection of fluid
prior to fracture formation. This perturbation
to initial (pre–fracturing) stress field affects the
threshold of fracturing, typically increasing it
by 0.25 MPa for the case of isotropic far–field
stresses and by 0.45 MPa for the case of aniso-
tropic far–field stresses. This will be further dis-
cussed in the Sect. (6.4.2).
Figure (8) shows the fracture patterns for
the two cases of the far–field stresses at time
1.36 ms since injection. The joints around the
borehole alternate the fluid–driven fracture pat-
terns, compare with Fig. 6. Once intersected by
a growing fracture, the joints obviously exploit
fluid pressure and lead it to the tips where frac-
ture initiation is the easiest. The joints also in-
crease the extent to which fluid–driven fractures
can reach for the same injected energy. Possible
fracture shear slippage due to fracturing elastic
waves is observed as well in both far–field states
at some joints; some events are marked in the
isotropic stress state. These slips are merely cre-
ated by the fracturing elastic waves as they are
not affected by fluid pressure. Such slips will
lead to micro-seismic events.
Figure (9) demonstrates the micro-seismic
events (MEs) locations at time steps of 1.28 and
1.4 ms for the case of isotropic far–field stress
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Isotropic stress state Anisotropic stress state
0
Velocity magnitude (m/s)
0.040.02 0.08 0.120.06
10 cm
t = 1.36 ms t = 1.36 ms
Intersecting pre-existing
joint
Figure 8: Fracture patterns for the cases of isotropic and anisotropic stress states in a heavily fractured rock formation at time of
1.36 ms since injection. The trajectories are plotted in the field of velocity magnitude.
state. Each broken element represents a ME
and the strain energy released is determined and
used to calculate the event’s magnitude Lisjak
et al. (2013). The events’ locations delineate the
fracture patterns except for some scattered inci-
dents (Fig. 9(a)) driven by the deformation of
the medium (joint shear slippage). Figure (10)
shows the magnitudes of the MEs which range
between -4 and -5. Such values are not high and
the events will not be felt on the surface, how-
ever they are in the range of induced HF micro–
seismicity Schoenball et al. (2013). It is worth-
while to mention that joint shear slippage can
also be incited by fluid diffusion altering criti-
cally stressed joints. However, this is to be im-
plemented in our code and will be discussed in
future works.
The space distribution of the pre–existing
joints (Fig. 7) is generated using a Matlab M–
file, they are randomly distributed in space and
their lengths are normally distributed around 3.1
cm. The results of the previous simulations can
drastically change depending on the space dis-
tribution and lengths of these joints. Yet, this
section helps to conclude the following remarks:
1. pre–existing joints create a pre–fracturing
stress state that affects the patterns of
the very initiated fractures, compare the
isotropic states of Figs (6) and (8);
2. rock joints increase the extent to which
fluid–driven fractures can reach;
3. once a joint is intersected by a fluid–driven
fracture, it becomes easier for new frac-
tures to initiate at the joint’s tips;
4. MEs due to joint shear slippage can be
created by rock deformation. Such events
can go as far as fluid–driven fractures
can reach as long as there are critically
stressed joints that can be activated, Fig.
9(b).
6.4.2 Single isolated joints: Lateral stress
gradient
In this section the effect of single isolated pre–
existing joints that do not intersect the well-
bore is investigated in relation to fracture growth
topology and fracturing pressure. We consider a
single rock joint of length L (where L = 6D, D
is the diameter of the wellbore) located at dis-
crete distances (0.3L, 0.6L and L) and different
orientations (Longitudinal (L) 0◦, Oblique (I)
45◦ and Transversal (T) 90◦) to the borehole as
shown in Fig. 11. Rock joint length, its distance
and orientation to the wellbore are arbitrarily set
71
AbuAisha, Eaton, Priest and Wong Microseismic Industry Consortium Vol. 6 – Chapter 6
x-coordinate (m)
-0.4 -0.2 0 0.2 0.4
y
-c
o
o
rd
in
a
te
(m
)
-0.4
-0.2
0
0.2
0.4
Events due to elastic waves
(shear slippage)
Borehole
(a) At time 1.28 ms
x-coordinate (m)
-0.4 -0.2 0 0.2 0.4
y
-c
o
o
rd
in
a
te
(m
)
-0.4
-0.2
0
0.2
0.4
(b) At time 1.40 ms
Figure 9: Micro–seismic events locations due to fracturing with an isotropic far–field stress state. The events delineate the fracture
topology except for some scattered locations incited by fracturing elastic waves/formation deformation.
(a) At time 1.28 ms (b) At time 1.40 ms
Figure 10: Magnitudes of the micro–seismic events presented in Fig. 9. The values are in the range of monitored HF induced
micro–seismicity.
to explore how the rock joint may influence the
initial stress field and resulting fracture growth.
In total nine simulations are carried out repre-
senting the different configurations.
D
Figure 11: Longitudinal rock joint of length L = 6D and at dis-
tances 0.3L, 0.6L and L from wellbore. To study the effect of
rock joint orientation, the rock joint is oriented 45◦ and 90◦ form
the longitudinal, as indicated by case 2 and case 3 respectively.
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The presence of such joints around the
wellbore as well as their orientations are ex-
pected to affect fracture growth. Indeed, HF
induced micro–seismicity is related to fracture
evolution and tends to concentrate in the re-
gions where mode II (shear) fractures are preva-
lent Shapiro and Dinske (2009). Fluid diffu-
sion is also dominant in the regions of fracture
evolution and therefore the long–term shear–
slippage micro–seismic/seismic events Shapiro
and Dinske (2009).
The rock joints are implemented in the sim-
ulation before the application of the geostatic
step (see section 6.2.1) and therefore lead to
stress perturbations during the initial injection
of fluid prior to fracture formation. All the sim-
ulations that will be presented in this section are
performed under an anisotropic far–field stress
state. Figure 12 shows contours of stress magni-
tude4 for the reference case (no rock joints) and
for the three cases of different joint orientation
at a distance of 0.3L from the wellbore immedi-
ately prior to the onset of fracturing. It can be
seen that for cases 1 and 2 appreciable pertur-
bations in the stress field are clear when com-
pared to the reference case, although for case 3
no appreciable perturbations are evident. These
differences in stress perturbations lead to an in-
crease in the onset of fracturing pressure/time
step for when fracturing occurs. This is demon-
strated by identical and earlier time step for
the reference case and the case 3 of transversal
joints. The existence of rock joints at this dis-
tance from the wellbore lead to stress concen-
trations around the rock joint, this is especially
evident for case 2 where localized zones of shear
failure/slip can been seen at the joint tips.
Figure 13 shows fracture trajectories for the
three rock joint orientations described in Fig.
11 at a distance of 0.3L from the wellbore. It
can be inferred that perturbations in the stress
field resulting from the presence of the rock
joints lead to significantly different fracture evo-
lution/topology, compare case 1 at t = 1.26 ms
in Fig. 13 with that of Fig. 6 at the same time
step. For cases 1 and 2 with longitudinal and
oblique rock joints, it is clear that fractures initi-
ate in a direction that is oriented away from the
zone of stress perturbation created by the pre–
existing joints. This conclusion is more evident
in case 2 for an oblique joint. For case 3 with
transversal joint, i.e. normal to the direction of
maximum stress field, the perturbation to initial
stress field does not appear to have a significant
effect on the initiation or the resultant preferred
direction of fracture growth. Once the fracture is
initiated however, the stress field resulting from
the rock joint seems to suppress any potential
branching of the fracture.
The influence of the rock joint orientation
can be also observed in the fracturing pressure
profiles plotted in Fig. 14(a). For case 3, the
threshold of fracturing pressure is not signifi-
cantly altered and closely matches that observed
for the reference case with no joints. How-
ever, the presence of longitudinal or oblique
pre–existing joints, that leads to stress perturba-
tions, has increased the fracturing threshold by
∼5.2%.
Figure 15 shows fracture topology for the
three cases of the fracture joint at a distance
0.6L from wellbore. As expected, the ef-
fect of stress perturbation due to pre–existing
joints becomes smaller as the joint is located
further away from wellbore. Cases 1 and 2
still exhibit preferential growth of fractures to-
wards left/asymmetric fracture growth, at least
for early time frame of stimulation (t < 1.38
ms). However, fractures in case 3 exhibit the
same fracture growth as if the rock joint did not
exist (compare of instance case 3 at 1.26 ms in
Fig. 15 with that in Fig. 6.
Fracturing pressure profiles of the three
cases of different joint orientations at distance
0.6L from wellbore are shown in Fig. 14(b).
The figure highlights that the breakdown pres-
sure matches that for the case of no joints. In
considering Fig. 14, it can be seen that the post–
4Stress magnitude is calculated based on the maximum principal stresses as
√
σ
′2
1 + σ
′2
2 .
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Anisotropic stress state
Case 1 (L) - 0.3L Case 2 (I) - 0.3L
t = 1.08 ms
t = 1.14 ms t = 1.14 ms
Reference case:
0 6 133 9
Stress magnitude (MPa)
Figure 12: Effect of pre–existing joints on the field of stress magnitude just before the initiation of HF. The threshold of fracturing
for case 3 is the same as the no joints case, i.e. t = 1.08 ms. This can be related to the reduced magnitude of perturbation on stress
field created by the transversal joint.
peak behaviour of the pressure is independent of
the distance of the joint away from the wellbore.
For the rock joint at a distance L from
the wellbore no appreciable differences in frac-
ture trajectories can be qualitatively observed as
shown in Fig. 16 when compared with those in
Fig. 6 at 1.26 ms. The excessive branching on
the right hand side of the wellbore for case 3
is assumed to be related to the relatively small
time step that was used as the model was show-
ing instability. This instability is related to the
intensive refinement of the mesh in the direction
if the joint, i.e. direction of maximum far–field
stress.
6.5 FDEM–HF verification against
field DFIT
The purpose of this section is to validate our ap-
proach of FDEM hydraulic fracturing by veri-
fying the simulations against field data. The tar-
geted site is the Farrell Creek Montney reservoir,
north–east British Columbia, Canada. The En-
cana DFIT of June 2015 will be used as a refer-
ence. All the needed information can be found
in the following reports McLellan et al. (2014);
Fan (2015). The horizontal well is drilled at To-
tal Vertical Depth (TVD) of 2099 m. At such
a depth the corresponding stress state is aniso-
tropic and adopts values of σ′h = −9.44 MPa
and σ′H = −18.3 MPa, the reservoir pressure is
p = 34.84 MPa. The mechanical properties per-
taining to the rock formation at this TVD and
needed in our modelling is listed in Table ??.
The BVP represents a vertical cross section of
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Anisotropic stress state - 0.3L
t = 1.38 ms
Case 1 (L) Case 2 (I) Case 3 (T)
t = 1.68 ms
t = 1.38 ms
t = 1.68 ms t = 1.68 ms
t = 1.38 ms
t = 1.26 ms t = 1.26 ms t = 1.26 ms
0
Velocity magnitude (m/s)
0.040.02 0.08 0.120.06
10 cm
Figure 13: Fracture trajectories for the three cases of joint configurations described in Fig. 11 at time steps of 1.26, 1.38 and 1.68
ms and at distance 0.3L from wellbore. The trajectories are plotted in the field of velocity magnitude.
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Figure 14: Numerical fracturing pressure profiles for the three cases of joint configurations described in Fig. 11 at distances: (a)
0.3L; (b) 0.6L from the wellbore.
the formation with dimensions 10 m × 10 m. The dimensions are set up based on size effect
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Anisotropic stress state - 0.6L
t = 1.38 ms
Case 1 (L) Case 2 (I) Case 3 (T)
t = 1.68 ms
t = 1.38 ms
t = 1.68 ms t = 1.68 ms
t = 1.38 ms
t = 1.26 ms
t = 1.26 ms t = 1.26 ms
0
Velocity magnitude (m/s)
0.040.02 0.08 0.120.06
10 cm
Figure 15: Fracture trajectories for the three cases of joint configurations described in Fig. 11 at time steps of 1.26, 1.38 and 1.68
ms and at distance 0.6L from wellbore. The trajectories are plotted in the field of velocity magnitude.
Anisotropic stress state - L
Case 1 (L) Case 2 (I) Case 3 (T)
t = 1.26 ms t = 1.26 ms t = 1.26 ms
0
Velocity magnitude (m/s)
0.040.02 0.08 0.120.06
10 cm
Figure 16: Fracture trajectories for the three cases of joint configurations described in Fig. 11 at time step of 1.26 ms and at distance
L from wellbore. The trajectories are plotted in the field of velocity magnitude.
study where the dimensions stopped to affect the
simulation results beyond 10 m × 10 m for the
same meshing, the gravitational effect is consid-
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Table 2: Rock properties for verifying the FDEM–HF against the Encana DFIT McLellan et al. (2014)
Nature Parameter Value Unit
Elasticity Drained Young’s modulus, E 42.5 GPa
Drained Poisson’s ratio, ν 0.17 -
Fracture Tensile strength, ft 10.75 MPa
Cohesion, c 21.1 MPa
Mode I fracture energy, GIc 100 N/m
Mode II fracture energy, GIIc 150 N/m
Material internal friction angle, φi 46.5 (◦)
Computational Normal contact penalty, pn 250 GPa.m
Shear contact penalty, pt 30 GPa.m
Fracture penalty, pf 120 GPa.m
ered and the injection rate is Q = 1.0 m3/min.
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Figure 17: Encana DFIT fluid pressure profile June/2015, Mont-
ney formation. The red dots represent the field data and the solid
line exemplifies the numerical response by FDEM–HF.
Figure (12) dissects a comparison between
the analytical response of the FDEM–HF and
the field data of Encana DFIT at Montney for-
mation. Clearly the numerical response captures
the elastic response as well as the threshold of
fracturing ∼76 MPa. The post–peak behaviour
is showing a bit of discrepancy, i.e. the numer-
ical response is showing higher fluid pressure
values. This could be related to the fact that fluid
diffusion as well as fluid leakoff are not imple-
mented in our code so far. It is due to mention
that only the elastic and the pre–shutdown be-
haviour is simulated in Fig. (12). The Shutdown
and post shutdown behaviours require fully cou-
pled poroelastic model which will be discussed
in a future work.
6.6 Conclusions and future work
The FDEM method that combines the advan-
tages of FEM and DEM is used in this study to
simulate HF growth, with particular application
to diagnostic fracture injection test (DFIT) anal-
ysis. The FDEM is capable of tracking fluid–
driven fractures topology in homogeneous and
pre–fractured media. Consistent with HF obser-
vations, the study shows that an isotropic stress
state favours complex fracture growth compared
with anisotropic stress state. Fluid–driven frac-
ture patterns are considerably affected if the
rock medium is heavily fractured. Pre–existing
joints are deemed to increase the extent of frac-
ture growth. Critically stressed joints may also
slip leading to seismic events just because of
formation deformation. In addition, the study
shows that once a pre–existing joint is inter-
sected by a fluid–driven fracture, fractures pre-
fer to initiate at the joints’ tips. Rock joints
that are offset from the wellbore give rise to
stress gradients that lead to asymmetric fracture
growth with a tendency for fractures to initiate
in a direction away from the rock joint. Af-
ter intersecting a pre–existing joint, the fluid in-
duced fracture system exploits and extends nat-
ural fractures.
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The FDEM method reproduces features pre-
dicted by analytical models and empirical obser-
vations and thus is expected to provide a power-
ful tool to explore more complex fracturing sce-
narios. These capabilities are deemed important
for simulating HF tests and predicting the di-
rection and extent of created fractures for well
monitoring real HF field tests. Future research
will focus on simulating HF by FDEM is a fully
coupled poroelastic frame work that can account
for the effect of fluid diffusion and leakoff.
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